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ABSTRACT
The complex interplay of processes at the Galactic Center is at the heart of numerous past, present, and
(likely) future mysteries. We aim at a more complete understanding of how spectra extending to > 10 TeV
result. We first construct a simplified model to account for the peculiar energy and angular dependence of
the intense central parsec photon field. This allows for calculating anisotropic inverse Compton scattering and
mapping gamma-ray extinction due to γγ → e+e− attenuation. Coupling these with a method for evolving
electron spectra, we examine several clear and present excesses, including the diffuse hard X-rays seen by
NuSTAR and GeV gamma rays by Fermi. We address further applications to cosmic rays, dark matter, neutrinos,
and gamma rays from the Center and beyond.
1. INTRODUCTION
The Galactic Center (GC) is an arena for astrophysical phe-
nomena unlike any other in our galaxy. The inner parsec alone
is packed with gas streams, dark matter, a puzzling young
massive stellar population, and remnants of a long history of
star formation, all encircled by a dusty circumnuclear disk
(Genzel et al. 2010). In the middle of this is a supermassive
black hole (hereafter Sgr A∗) that typically emits well below
Eddington, though with flares that occasionally reach at least
into hard X-rays (Barriere et al. 2014).
It is easy to imagine substantial concentrations of photon
emission and energetic particles within this region. Much of
the bolometric luminosity has now been identified as originat-
ing from the aforementioned massive stars that in turn power
the infrared output from dust in the circumnuclear disk (e.g.,
Davidson et al. 1992; Krabbe et al. 1995; Genzel et al. 2010).
The many matters of central import left to be resolved span
the spectrum of photons, cosmic rays, and neutrinos.
Our purpose is to address aspects related to those mysteries
that plausibly involve very energetic particles. These include
the origin of the gamut of gamma rays reaching to > 10 TeV
(Nolan et al. 2012; Aharonian et al. 2004, 2009; Albert et al.
2006; Archer et al. 2014, 2016; Ahnen et al. 2016) and bright
X-ray emission with non-thermal characteristics. Such pho-
tons, if only for their prime location at the center of the Galac-
tic halo, are of great interest, such as the significant excess
of gamma rays at ∼ 10 GeV that has produced considerable
excitement (e.g., Abazajian et al. 2014; Daylan et al. 2014;
Calore et al. 2015; Ajello et al. 2016).
Our focus here is not on providing yet another explanation
for such anomalies (not entirely anyway), but rather to bet-
ter understand the behavior of high-energy particles starting
at the Center — electrons and gamma rays in particular —
via an improved description of the relevant conditions in this
unique environment. For example, recent high spatial reso-
lution infrared data has revealed structures within the central
parsec. These imply a photon background much denser than
typically encountered in the Galaxy with variations in the am-
plitude of each component throughout this region.
A population of electrons, even if their velocity distribu-
tion is isotropic, will thus encounter anisotropic photon back-
grounds. Since head-to-head scatterings result in more energy
transfer, the resulting inverse Compton spectrum thus depends
on the direction to the observer. Moreover, gamma rays pro-
duced via this or other processes can in turn be attenuated by
interacting with a background photon to produce an electron-
positron pair, the probability of which is dependent on the
path taken to the telescope.
We construct a phenomenological energy and angle depen-
dent photon field in the central parsec based on recent infrared
data to achieve a basic agreement with the measured broad-
band spectrum and morphology of the various emissions. This
is used to better describe the inverse Compton scattering and
γγ→ e+e− extinction, which have a similar dependence on
the geometry of the photon background.
We couple these with a convenient method for calculating
time-evolved electron spectra in examining several topics of
recent interest. These include the diffuse hard X-ray emission
extending to> 40 keV discovered by NuSTAR throughout this
region that cannot be simply extrapolated from sources preva-
lent at lower energies (Perez et al. 2015; Mori et al. 2015). We
discuss possible attributions, including synchrotron radiation
from & 100 TeV electrons, and connections to gamma rays.
We also consider contributions from pulsar electrons to the
GeV signal seen from the Galactic Center by Fermi (Acero et
al. 2015). Kistler (2015) extends these techniques in detailing
potential TeV gamma-ray signatures of the pulsar wind neb-
ula (PWN) G359.95–0.04 situated at a projected distance of
0.3 pc from Sgr A∗ (Wang et al. 2006; Muno et al. 2008).
2. A PORTRAIT OF GALACTIC CENTER BACKGROUNDS
The cluster of massive stars at the Galactic Center provides
& 107 L of UV photons that drive emission over a broad
range of wavelengths. While UV radiation can be effectively
upscattered by GeV electrons, for TeV electrons scattering is
suppressed due to the energy dependence of the Klein-Nishina
cross section so that infrared emission is their most relevant
inverse Compton (IC) target. Since this cross section depends
on the angle between electron and photon, with head-on scat-
tering resulting in a photon with higher energy (Jones 1968),
it is of interest to understand the directional variation of the
photon field beyond the integrated intensity.
Constructing a first principles model of the energy/angle
dependent photon field in the GC would itself be a tremen-
dous achievement. We rather content ourselves with a satis-
factory phenomenological background based on the most re-
cent data. For easy reference, the component parameters are
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FIG. 1.— An illustration of the geometry of photon emission components
from the inner parsec of the Milky Way used in constructing the photon field
used throughout this paper, labelled by temperature corresponding to Table 1.
The line-of-sight position of PWN G359 is referenced with the blue cone.
summarized in Table 1 and the layout illustrated in Fig. 1.
Herschel has now resolved cold dust in the circumnuclear
disk (CND) in the FIR from 70−500µm (Etxaluze et al. 2011;
Goicoechea et al. 2013). Etxaluze et al. (2011) also utilized
ISO-LWS data from 46−180µm, which has less angular res-
olution, to fill in flux from warmer dust. SOFIA, with shorter
wavelength coverage (19.7−37.1µm) and sharper resolution,
was used to resolve warmer locations of the inner CND in
greater detail by Lau et al. (2013).
We describe these data using two separate rings: one with
T = 90 K, L90 = 2 × 106 L, a major radius of R90 = 1.4 pc,
and minor radius of r90 = 0.2 pc; the other with T = 40 K,
L40=2×105 L, R40=1.7 pc, and r40=0.3 pc. The inclina-
tion follows the orientation derived in Lau et al. (2013). We
assume optically thin emission that is uniform throughout the
volume with a blackbody spectrum
dNi
dγ
=
1
pi2(~c)3
2γ
eγ/kBTi − 1 . (1)
This is not formally correct, since optically thin dust has a
modified blackbody form with an emissivity ∝ νβ and β .
2 that results in a steeper long wavelength tail (e.g., Draine
2003). However, we compensate for this by choosing values
for T and L to match the spectral peak for dust of a given
temperature (and typically another component becomes more
important in the tails).
SOFIA images display warmer emission nearer the GC (Lau
et al. 2013), mostly coinciding with the ionized gas stream-
ers seen in radio (e.g., Zhao et al. 2010). In principle, one
can begin from the Zhao et al. (2009) model of Keplerian gas
stream orbits to construct a more elaborate model accounting
for a heating from a central cluster. We here assume emis-
sion with T = 120 K and L120 = 1.5×106 L and approx-
imate the multiple streams with a uniform sphere of radius
R120 = 0.75 pc. The extinction corrected ISO-SWS spec-
trum from Fritz et al. (2011), extending from 2.6−26µm and
covering an extended inner portion of the central parsec, as
well as radio line measurements (e.g., Requena-Torres et al.
TABLE 1
T [K] L [L] R [pc] r [pc]
35000 20×106 0.25 —
3500 30×106 — —
250 2×106 0.75 —
120 1.5×106 0.75 —
90 2×106 1.4 0.2
40 0.2×106 1.7 0.3
2.73 CMB — —
NOTE. — Properties of the GC radiation components used here. R refers to the
radius of a sphere or major radius of a ring, r to a ring minor radius.
2012; Mills et al. 2013; Smith & Wardle 2014) also suggest a
warmer component that we ascribe to the same volume with
T =250 K and L250=2×106 L.
The IR data are consistent with reprocessing of a fraction of
the incident UV flux from a T ≈35000 K, L35000≈2×107 L
cluster of massive stars at the GC. Støstad et al. (2015) and
Feldmeier-Krause et al. (2015) infer a cutoff in the surface
brightness by ∼ 0.5 pc for this population, which we approx-
imate with a sphere of R35000 = 0.25 pc. Fritz et al. (2011)
concludes that little of the line of sight extinction towards the
GC arises from within the central parsec, which we will as-
sume to hold for sight-lines not passing through the major
dust structures. We also include a contribution from the much
more extended old GC stellar component, using the radial pro-
file from Fritz et al. (2014), with a 3500 K spectrum normal-
ized to 3×107 L within 100 arcsec, along with the uniform
2.73 K cosmic microwave background (CMB).
3. GEOMETRY OF EMISSION
Assuming uniform emissivity, the flux arriving from a given
direction can be calculated using ray tracing techniques. For
instance, we take an equation for a torus in Euclidean space,
f = (x2 + y2 + z2 − r21 − R21)2 + 4R21(z2 − r21), insert the
components for a ray x(t) starting from the electron position
re and traversing direction p, x(t) = re + p t, and solve
for the roots to find the length through ring 1, `1(θ, φ). This
involves solving a quartic equation, which can be done fairly
quickly numerically. The procedure either interior or exterior
to spherical regions is similar.
To arrive at the energy density at a given position from each
component, ui, we do this many times en route to integrating
over all angles
ui =
Li
4pic Vi
∫
dΩ `i(θ, φ) , (2)
with Vi the component volume. Each spectral energy distri-
bution is shown in Fig. 2 along with the CMB (at∼10−3 eV).
In Fig. 2 we also compare to the oft-used modeled interstel-
lar radiation field at the GC from Porter et al. (2006). Since
this model is constructed from stellar contributions over larger
scales, it is indicative of contributions within the central par-
sec from outside. We see that our FIR energy density is larger
by a factor of ∼ 103 and so should remain dominant out to
∼ 30 pc, corresponding to ∼ 0.25◦ (not accounting for any
additional absorption). Other more explicit contributions in-
clude the Arches and Quintuplet stellar clusters, which have
luminosities comparable to the central cluster (Figer 2008),
but are relatively distant. We thus assume these to be small in
comparison to the local emission in what follows.
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FIG. 2.— Energy spectrum of background photons from our photon field.
Shown are the components of Table 1 at a distance from Sgr A∗ of 0.3 pc and
their sum (solid line). The dashed line shows the total background at 1 pc
(in front and behind Sgr A∗ are similar). The GC background of Porter et al.
(2006), designed to be valid over larger scales, is also shown (PMS; dotted).
4. GAMMA-RAY ATTENUATION
Our first application is to the attenuation of gamma rays
due to γγ → e+e− interactions on intervening photon back-
grounds. The cross section depends on the relative angle with
a gamma ray of energy Eγ through s=2Eγγ(1− cos θ) via
q=
√
1− (2mec2)2/s as
σγγ(s)=
3
4
σT
(mec
2)2
s
[
(3−q4) ln1+q
1−q−2q(2−q
2)
]
, (3)
with σT the Thomson cross section.
In Fig. 3, we show the result of integrating over two paths:
one from the GC and a longer beam through the line of sight to
PWN G359 (as denoted in Fig. 1) to 1 pc behind the GC. Con-
sidering photon number density above the pair threshold, the
90 K, 120 K, and 250 K fields are the most important targets.
These are displayed for the latter case. To obtain the total ex-
tinction, we add the GC attenuation curve from Moskalenko
et al. (2006), which is based on an interstellar radiation field
model describing the galaxy on larger scales (plus the CMB),
so double counting relative to our curves should be minimal.
We also display for comparison attenuation from within the
inner accretion flow of Sgr A∗. We use spectra from Dexter
& Fragile (2013) spanning from radio to IR (model 915h),
with the simplifying assumption that this is spherical within a
distance from the black hole of 3 rg , with rg ' 6 × 1011 cm,
comparable to the IR emitting regions. We see that this can be
more important for any TeV gamma rays arising from within
this limited volume around the black hole.
5. ELECTRON ENERGY LOSS SIMPLY STATED
We turn our attention to describing populations of electrons
in the central parsec that can upscatter the above photon field
into gamma rays. We focus on energy spectra, not attempting
to fully describe source morphology (though we remark on
this later), evolving an injection spectrum with synchrotron
and inverse Compton losses over a specified duration. As far
TABLE 2
T [K] uBB [10−9 GeV cm−3] ui/uBB (0.3 pc) ui/uBB (1 pc)
35000 7.1×1015 2.5×10−11 1.9×10−12
3500 7.1×1011 2.1×10−8 1.3×10−8
250 1.8×107 3.6×10−4 8.3×10−5
120 9.8×105 5.1×10−3 1.2×10−3
90 3.1×105 2.3×10−3 4.0×10−3
40 1.2×104 3.9×10−3 2.0×10−3
2.73 0.26 1 1
NOTE. — Energy density normalizations of the GC radiation components.
as X-rays from synchrotron are concerned, we will see that
only the past few decades are relevant due to rapid cooling.
Use of blackbody spectra allows for standard inverse
Compton loss methods (dusty spectra will be examined else-
where). This can be done more or less exactly, although the
resulting solution is rather cumbersome. We rather examine
first the form of the energy loss rate in the Thomson limit
dEe
dt
∣∣∣∣
T
= −4
3
σT c
(
Ee
mec2
)2
uBB , (4)
where Ee is the electron energy, me the electron mass, and
uBB the blackbody energy density for a given T , while in the
extreme Klein-Nishina regime (Blumenthal & Gould 1970),
dEe
dt
∣∣∣∣
KN
=−σT
16
(mekBTc)
2
~3
(ln 4κe−1.981), (5)
where κe =EekBT/(mec2)2. To obtain dEe/dt|IC over the
entire energy range, we find a convenient interpolation valid
to ∼1% below the KN limit,
dEe
dt
∣∣∣∣
H
=−bHκe
[(
κe
κ1
)Aξ
+
(
κe
κ1
)Bξ
+
(
κ2
κ1
)Bξ(
κe
κ2
)Cξ]1/ξ
,
(6)
with bH=3.87×1019(kBT )2 GeV−1s−1, A=1, B=−0.063,
C=−0.855, κ1=0.065, κ2=4.16, ξ=−0.815, and in which
energy is given in terms of GeV.
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FIG. 3.— Gamma-ray attenuation due to our background components from
a location 1 pc behind the GC (dashed), the Galactic model of Moskalenko et
al. (2006) (MPS; dotted), and their combination (thick solid). Also, shown is
the combined total from the GC position (thin solid), compared to attenuation
within the inner accretion flow of Sgr A∗ due to mm–IR emission (dotted).
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FIG. 4.— Rate of electron cooling due to synchrotron radiation for two
field strengths (dashed lines), summed with inverse Compton losses on each
background component of Fig. 2 at a distance from Sgr A∗ of 1 pc (thin solid
lines; as labeled) to give the total loss rates (thick solid lines).
Now we combine Eqs. (5) and (6) as
dEe
dt
∣∣∣∣
IC
=
dEe
dt
∣∣∣∣
H
Θ[103.3−κe]+ dEe
dt
∣∣∣∣
KN
Θ[κe−103.3], (7)
where Θ are step functions (cf., Delahaye et al. 2010). This is
to be evaluated for each distinct background component.
We also need consider the rate of energy loss due to syn-
chrotron radiation,
dEe
dt
∣∣∣∣
sync
= −4
3
σT c
(
Ee
mec2
)2
uB , (8)
for magnetic field energy density uB =B2/8pi. Adding this
to the sum of the IC loss terms, we arrive at the total losses
be(Ee) = − dEe
dt
∣∣∣∣
sync
−
∑
i
ui
uBB
dEe
dt
∣∣∣∣
IC, i
, (9)
where each IC term is scaled by the ratio of the energy density
of the photon background ui to the energy density of a pure
blackbody uBB for each Ti (see Table 2).
In Fig. 4, we show the cooling rate, be(Ee)/Ee, for each
component of the photon field at a distance of 1 pc from
Sgr A∗ and for two different choices of B within the range
discussed in Kistler (2015) related to observations of the GC
magnetar SGR J1745-29 (Eatough et al. 2013). These demon-
strate the change in relative importance of IC versus syn-
chrotron as B is varied as well as the KN suppression via
the downturn in the IC curves, e.g., for Ee&10 TeV even the
CMB is more relevant than the UV background.
6. EVOLVING THE ELECTRON SPECTRUM
We are interested in the present population of electrons,
which requires evolving the spectrum injected over all time.
To do so, we first determine the time it takes for an electron
with initial energy Ei to reach a final energy Ef as
tl(Ei, Ef ) =
∫ Ef
Ei
− dE
be(E)
. (10)
In practice, we take a very high energy, Eh = 108 GeV, and
evaluate th(Ef ) = tl(Eh, Ef ). We then construct the inverse
functionEt[th(Ef )] numerically. This is used as a convenient
way to relate initial and final energies by taking the relative
difference between them. Now we integrate the source injec-
tion spectrum dNe/dE from a time τ up to today
dNe
dE0
=
∫ τ
0
dt
dNe
dE dt
∣∣∣∣
Et[th(E)−t]
be(Et[th(E)− t])
be(E)
. (11)
This maps the source spectrum at each t to the present time
accounting for all relevant energy losses.
7. SYNCHROTRON AND INVERSE-COMPTON PRODUCTION
We will consider a few illustrative problems of current in-
terest, both in limits where synchrotron is dominant and where
inverse Compton losses are clearly more important. In evalu-
ating the expected spectra of synchrotron and inverse Comp-
ton photons to compare with data, we assume that the electron
population has a locally isotropic velocity distribution and
that relativistic beaming effects are not relevant, though we
do consider scattering off of anisotropic photon backgrounds.
Synchrotron can be elegantly calculated in the textbook
manner using Bessel functions (e.g., Rybicki & Lightman
1979). Since we are interested in an isotropic electron distri-
bution, we instead follow the simpler approach in Aharonian
et al. (2010), with
dNγ
dEγ
=
√
3
2pi
e3B
mec2~Eγ
G(x) e−x , (12)
where x = 3e~BE2e/(2m3ec5) and G(x) is an interpolation
close to the exact solution and faster to compute. This is con-
volved with the present electron spectrum dNe/dE0.
Inverse Compton scattering becomes more involved, since
we aim to examine the bulk angular dependence of central
parsec photon backgrounds rather than assuming isotropy.
Khangulyan et al. (2014) provides a treatment convenient
for this purpose (see also Jones 1968; Moskalenko & Strong
2000; Zdziarski & Pjanka 2013). For a mono-directional,
blackbody photon distribution
dNani
dEγ
=
3σT m
2
ec
4pi2(~c)3
(kBT )
2
E2e
[
z2
2(1− z)F1(y)+F2(y)
]
, (13)
with z=Eγ/Ee, y=z(mec2)2/[2(1− z)EekBT (1−cos θ)].
Here the photons arrive at an angle θ to the electron, with the
gamma ray departing in the electron direction. Formulas for
F1 and F2 are given in Khangulyan et al. (2014), along with
similar fitting equations F3 and F4 in case one is interested
in using this technique to find the emission from an isotropic
photon background, dNiso/dEγ , e.g., the CMB.
Using each angular-dependent photon field, we integrate
from the source vantage point over angles with respect to the
direction pointing at Earth to obtain the IC spectrum as
dNi
dEγ
= Ei
∫ Emax
Eγ
dEe
dNe
dE0
∫
dΩ
dNani
dEγ
`i(θ, φ) , (14)
where Ei=Li/(4pic uBBVi). One notable difference from as-
suming a central source is that the scattering on FIR emission
from the rings is seen to vary much less in space. We obtain
fluxes ϕi(Eγ) using a GC distance dGC=8.5 kpc.
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FIG. 5.— Left: Projected distribution of electrons with 100 TeV initial energies continuously injected for 10 yr propagating in a 0.1 mG random magnetic field.
Right: Synchrotron and inverse Compton spectra from hard electron models in a 0.1 mG field with exponential (solid lines) and power-law (dotted) spectral
breaks. We show an approximate NuSTAR band and GC source TeV data from HESS (Abramowski et al. 2016) and VERITAS (Archer et al. 2016) for scale.
8. HARD X-RAY SYNCHROTRON AND NUSTAR
NuSTAR has recently discovered a diffuse hard X-ray flux
reaching to & 40 keV pervading the central parsecs (Perez et
al. 2015; Mori et al. 2015). While this could very well be
due to some new class of sources endemic to the GC, syn-
chrotron radiation is a well understood means of photon pro-
duction, and while these X-ray energies are somewhat ex-
treme, they are not terribly so and GC magnetic fields are
unusually strong.
As Fig. 4 shows, at sufficiently high energies synchrotron
dominates over IC. Examining the characteristic energy of
synchrotron emission,
Eγ ∼ 20
(
Ee
20 TeV
)2(
B
mG
)
keV , (15)
we see that hard X-rays can be the main product at these ener-
gies and field strengths. Now, Fig. 4 also shows that the cool-
ing time (taking the inverse of the cooling rate) becomes quite
short in this range, so one might expect X-ray emission to be
limited to a small region around any such electron source.
However, as Giacinti et al. (2012) and Kistler et al. (2012)
note, particles tend to propagate anisotropically at early times
after injection from a fixed location, i.e., more quickly along
the direction of the local magnetic field. Following the argu-
ments in Kistler et al. (2012), if the cooling time is shorter
than the characteristic timescale to reach isotropic diffusion,
we would expect synchrotron emission to illuminate a path
dependent on the local field structure since the particles only
possess large energies for a limited duration. If such a pop-
ulation is present in the GC, their bulk trajectories might be
traceable by a hard X-ray telescope like NuSTAR.
To examine the plausibility of extended hard X-ray emis-
sion arising from electrons escaping a discrete source, we first
consider the behavior of a population with initial energies
of ∼ 100 TeV. Using the methods described in Kistler et al.
(2012) and Yuksel et al. (2012), we show in Fig. 5 (left) an ex-
ample of a possible realization of this scenario. Here, we have
injected 100 TeV electrons over a 0.1 pc radius volume in an
isotropic random field configuration scaled to Brms=0.1 mG
with a coherence length lc≈4 pc. We inject continuously for
∼10 yr, over which time the energy can decrease to∼50 TeV.
While more elaborate simulations are possible, accounting
for a spectrum of injected particles and energy dependence of
propagation, this serves to illustrate the basic picture if high-
energy electrons are not confined and free to propagate with
only the local field guiding them, which may well be predomi-
nantly along the Galactic plane. Alternatively, extended emis-
sion could arise from jet-like structures as seen reaching from
some pulsars (e.g., IGR J11014–6103; Pavan et al. 2014).
If electrons are capable of retaining high energies over such
distances near the GC, we can consider the emission from a
single source. We now calculate possible X-ray and gamma-
ray fluxes using the methods described above. Kistler et al.
(2012) claims that while a bulk anisotropy may be present,
the local velocity distribution can still be fairly isotropic. In
order to account for the hard spectrum of hard X-rays seen by
NuSTAR, a hard electron spectrum may be needed. We use
a smoothly-broken power law with an exponential cutoff to
describe the source spectrum
dNe
dE
= fe
[
(E/E1)
αη
+ (E/E1)
βη
]1/η
e−E/Ec , (16)
with α and β the slopes, a break at E1, cutoff energy Ec, and
using η =−10 to give a sharp break. We assume a constant
injection spectrum and luminosity over a duration τ=1000 yr.
We assume α=−1 here. Spectra as hard as this have been
displayed recently in reconnection simulations (e.g., Sironi &
Spitkovsky 2014, Guo et al. 2014, Werner et al. 2014). This is
also representative of any harder spectra, since an equilibrium
∼E−2e electron spectrum would generically result from con-
tinuous injection and cooling, leading to an X-ray spectrum
of∼E−1.5γ . The spectral cutoff at low energies is not relevant
here. We consider cases where the high-energy break is due
to an exponential cutoff alone at Ec = 1000 TeV, with lumi-
nosity Le=2×1035 erg s−1, or a change in index to β=−2.5
at E1=200 TeV with Ec=2000 TeV and Le=1035 erg s−1.
Fig. 5 (right) shows the X-ray and gamma-ray fluxes for a
uniform 0.1 mG field compared to an approximated band for
NuSTAR. For these hard spectra, there need not be bright ra-
dio emission. We also see that the KN suppression leads to
gamma rays principally from electrons with energies lower
than that yielding synchrotron in the NuSTAR range. In a
weaker field, electrons would retain their energy longer. They
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FIG. 6.— Models in a 0.1 mG field to mimic a PWN relativistic Maxwellian, withEc=25GeV orEc=250GeV and durations τ=103 yr and 104 yr yielding
synchrotron (far left lines) and inverse Compton gamma rays (darker lines: isotropic IC at 1 pc; lighter lines: anisotropic IC 1 pc behind the GC). We include
here the Fermi GC source 3FGL J1745.6–2859c (Acero et al. 2015).
would more easily travel large distances and, for the same
photon field, emit more gamma rays. However, for a location
beyond the central parsec, the photon background would be
lower and the emission could remain below the HESS data.
As for where the electrons arise, the most likely culprits
could be a pulsar associated with G359 or some heretofore
unknown young pulsar with a velocity too low or local condi-
tions otherwise unfavorable to yielding a prominent cometary
nebula (see Kistler 2015). For this scenario we have assumed
that the highest energy electrons are able to escape and freely
propagate. The physical conditions that might permit this
would depend on the nature of the source, whether one or
both of a linear accelerator setup by magnetic reconnection
or Fermi shock acceleration is operating, and the magnetic
field structure. Excesses could be present close to the pulsar,
where the field should be larger, or where a coherent PWN
flow ends. This basic setup can also be applied to a popula-
tion of hard X-ray sources, such as fainter PWNe due a large
number of active pulsars near the GC (O’Leary et al. 2015,
2016), which we defer to elsewhere.
9. PULSAR EXHAUST AND FERMI
Often one simply imposes a sharp break in the electron
injection spectrum at some low energy (as we just assumed
above). However, depending upon prevailing conditions,
models that place the acceleration of particles at the termi-
nation shock in the pulsar wind can imply thermalization into
a relativistic Maxwellian spectrum based on the bulk Lorentz
factor of particles in the wind, with the shock energizing only
some fraction of these into a power law component (e.g., Am-
ato & Arons 2006; Sironi et al. 2013).
If such an exhaust from the electron acceleration process is
produced and goes somewhere, though, it should be emitting.
We examine two possible outcomes using unbroken α = 2
spectra cutoff withEc=25 GeV (corresponding to a bulk pre-
shock wind Lorentz factor Γ∼ 5 × 104 and pair multiplicity
M∼ 105) and present luminosity L0 = 1036 erg s−1 or Ec =
250 GeV (Γ∼5× 105,M∼103, and L0=1035 erg s−1).
Assuming a continuous luminosity, the equilibrium electron
spectrum from this hard injected population will again tend
toward ∼E−2e . While a fixed Le is reasonable for X-rays and
TeV gamma rays due to the short cooling times of the emitting
particles, at lower energies the accumulated spectrum may be
enhanced by the pulsar spin down history. We consider
Le(t) = L0
[
1 + (τ − t)/τp
1 + τ/τp
]− n+1n−1
, (17)
where τ is the pulsar age, τp is a characteristic spin down
time, and we use the canonical dipole n=3 (Gaensler & Slane
2006), although measured values for very young pulsars are
often less than this (e.g., Livingstone et al. 2011) which would
imply a different evolutionary history. Our choices of τp =
103 yr and τ , as well asEc, are motivated to illustrate relations
to gamma-ray data.
Fig. 6 shows the gamma-ray and synchrotron spectra as-
suming injection has occurred for τ = 103 yr or 104 yr. The
distance is fixed to 1 pc with a 0.1 mG field, although we note
that the lower loss rates at these energies would likely result
in most gamma rays being produced beyond a nominal PWN.
Increasing the injection duration has the effect of accumulat-
ing GeV electrons and pushing the sub-GeV gamma-ray flux
upwards. The lighter IC lines show an enhancement due to
assuming anisotropic IC from 1 pc behind Sgr A∗.
This flux is compared to the Fermi source coincident with
the Galactic Center, 3FGL J1745.6–2859c, using data points
from the 3FGL source catalog (Acero et al. 2015), which
roughly split the previous 2FGL GC source (Nolan et al. 2012;
cf., Chernyakova et al. 2011; Abazajian et al. 2014) into two
distinct sources. We also show the TeV data for scale, though
one must keep in mind that there is a possible mismatch of
spatial scales between the gamma-ray data sets.
Using a larger τ = 105 yr would decrease the energy at
which particles accumulate to ∼ 100 MeV. The IC flux could
be increased into the NuSTAR range and continued to INTE-
GRAL energies (Belanger et al. 2006). This is though, a rather
long duration to expect a high luminosity from a lone pulsar.
To go farther back would also, considering typical densities
in this region (e.g., Ferrie`re 2012; Linden & Profumo 2012;
Yusef-Zadeh et al. 2013) necessitate accounting for ioniza-
tion/Coulomb losses, which should overtake IC at some point
and deplete the electron population at lower energies (see,
e.g., Fig. 1 of Hinton & Aharonian 2007).
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The large number of massive stars in the GC implies an
enhanced supernova rate and can lead to a typical interval be-
tween pulsar births of∼104–105 yr (Dexter & O’Leary 2014;
Eatough et al. 2015; O’Leary et al. 2015, 2016). Compar-
ing the fluxes with varying injection periods shows the gen-
eral behavior for a pulsar population. Relic electrons from
inactive pulsars will no longer contribute gamma rays since
high-energy particles have lost energy. For fixed luminosity, a
higher spectral cutoff means fewer particles accumulating at
lower energies with time (compare the two Ec sets in Fig. 6).
So while the high-energy range is more sensitive to a com-
bination of cutoff and age, the flux of softer gamma rays de-
pends less on age than the total number of electrons injected.
One might hope to use synchrotron to track these GeV par-
ticles and constrain the morphology. Though the details will
again depend upon the ambient magnetic field, as well as the
spin down history of the pulsar, we can make a few rough esti-
mates. An isotropic diffusion coefficient of D∼1026 cm2 s−1
implies a distance scale of (2Dτ)1/2 ∼ 1 pc for τ = 103 yr.
Generally, both D and Lsync depend on B, with the morphol-
ogy of the emission depending upon the magnetic field con-
figuration and the photon field geometry. We defer detailed
examination of such variations to elsewhere.
10. DISCUSSION AND CONCLUSIONS
The properties of the Galactic Center can lead to unusual
phenomena. Consider if you will our two examples. The
former examines extremely high-energy electrons, yet results
mostly in photons emitted with much lower energies than
those from our later example that considers much lower en-
ergy electrons. The nominal setup and parameter values ap-
pear physically plausible while leading to fluxes of hard X-
rays and GeV gamma rays near the observed levels, illustrat-
ing the additional lengths yet required to understand this zone
and its surroundings at high energies.
We have used a simplified model for the photon field of this
complicated region as a starting point for better understanding
the production of gamma rays from energetic electrons. This
also helps in determining the fate of the gamma rays, pro-
duced by whatever process imagined, that may be attenuated
by the same photon backgrounds. This explores a tractable
middle ground between assuming isotropic backgrounds and
following photons from the level of known stars to the heat-
ing and emission of dust. The latter course is perhaps difficult,
but not impossible (e.g., Shcherbakov 2014 considered the ex-
pected starlight background near the G2 object), and would
aid in addressing the following additional implications.
10.1. Electrons and TeV gamma rays
In the hard X-ray range there is a paucity of backgrounds
as compared to lower energies, so that emission might be at-
tributable to synchrotron radiation even in a complex region.
Evidence for electron acceleration to extremely high energies
by pulsars includes the & 100 MeV flares from the Crab neb-
ula ascribed to synchrotron from PeV electrons (Abdo et al.
2011; Tavani et al. 2011; Arons 2012; Cerutti et al. 2013) and
signatures of multi-TeV electrons from pulsars in the solar
neighborhood (see, e.g., Yuksel et al. 2009; Kistler & Yuk-
sel 2009). The pulsar wind nebula G359.95–0.04 (Wang et
al. 2006; Muno et al. 2008) suggests such processes are ac-
tive near the GC, which may also be quite relevant to TeV
gamma-ray data (see Kistler 2015 for greater detail).
Our photon field model also allows for examination of an-
other distinct scenario involving TeV gamma rays. While the
gamma-ray opacity along the sight lines examined in Fig. 3
ended up not being overwhelming, this did not have to be the
case. A larger young stellar flux and/or a larger fraction of
dust reprocessing, as may have been present in the past or in
more active extragalactic central parsec regions, could easily
lead to a more substantial suppression (Kistler 2015b).
Any TeV gamma-ray source in this region produces an ex-
tended distribution of electrons and positrons due to γγ →
e+e− on the photon field. Comparing the NuSTAR and TeV
energetics in Fig. 5, these roughly coincide. Although our
result suggests that such a process is not currently efficient
in our GC, a sufficiently recent outburst of TeV gamma rays
would have left an e± detritus yet emitting synchrotron.
10.2. More on Galactic Center Hard X-rays
As a more general point regarding hard X-rays, while ab-
sorption is largely irrelevant (Wilms et al. 2000), the unusual
gas streams in the central parsec could possess column depths
sufficient to cause appreciable Thomson scattering. If so,
models of the gas density can be compared to X-ray maps
to examine variations in intensity to determine the relative ge-
ometry of the X-ray emission and estimate the gas column.
This would help to clear up uncertainties over the nature of
the CND, between high (Christopher et al. 2005; Montero-
Castan˜o et al. 2009) and low (Requena-Torres et al. 2012;
Harada et al. 2015) inferred masses.
We also note that NuSTAR has detected non-thermal hard
X-ray emission from the radio filament Sgr A–E, suggesting
that the spectrum could be accounted for via injection of elec-
trons from an unknown PWN (Zhang et al. 2014). Compar-
ing to the better resolved radio images of Sgr A–E (Ho et al.
1985; Yusef-Zadeh & Morris 1987; Morris et al. 2014), we
see that the tail of PWN G359 extrapolates back to this gen-
eral vicinity. If related, this would imply a coherent structure
of ∼ 10 pc, not unprecedented in the Milky Way (e.g., Pavan
et al. 2014), just not obviously realizable near the GC. This
would require a rather low field strength for electrons to retain
their energy until they reach the larger fields in the filament.
10.3. Moving Beyond the Center, Dark Matter, and Neutrinos
We have focused on positions within the central parsec,
since at larger distances the benefit of bright, compact infrared
emission potentially producing an unusually large amount of
IC losses in a small volume is lost. The rather generic pul-
sar wind parameters used lead to a flux within range of Fermi
data and allow further room for accommodation. For instance,
there may well be other pulsars in this area yielding GeV
gamma rays, either pulsed or from a wind. For a local su-
pernova rate of ∼10−4 yr−1 these lead to overlapping contri-
butions in the Fermi range, with burn off of electrons due to
the steep rate of losses simplifying matters at higher energies.
Beyond the incentives to understand the novel astrophysics
at the Galactic Center, there is also the quests for dark matter
and neutrinos. Of recent interest are claims of a significant
excess of gamma rays at ∼ 1−10 GeV. This may or may not
be related to dark matter, but it does seem to originate at the
Center, the IC scattering of electrons from annihilation or de-
cay (cf., Cholis et al. 2015) is a direct application. Improved
understanding of the mechanism behind GC gamma rays will
directly affect the expected flux of neutrinos (e.g., Crocker et
al. 2005; Kistler & Beacom 2006) and whether the PeV neu-
trino seen from the vicinity of the GC by IceCube (Aartsen et
al. 2013) has a Galactic origin (Kistler 2015c).
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On larger scales, there should also be energetic electrons
present from these and other processes. While the concen-
trated UV emission most relevant in the central parsec will
drop off rapidly, the old stellar component falls off less steeply
so its contribution to IC will become relatively more im-
portant and may show up at lower gamma-ray energies (cf.,
Abazajian et al. 2015). One can also consider the aforemen-
tioned Arches and Quintuplet stellar clusters, although these
are rather young and lack the longer history of star formation
present in the central parsec, possibly leading to fewer young
pulsars. They notably would also not contain a supermassive
black hole. Along with the central parsec, these could provide
useful checks to discriminate between dark matter, pulsars,
and diffuse cosmic-ray background contributions, details of
which we will explore elsewhere.
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